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The Effects of Le(id on the Solidification and Preferred Orientation of the Zinc Coating
on Continuously Hot Dipped Galvanized Sheet Steel
Abstract
A series of eleven steel coils were continuously hot dip galvanized on Bethlehem Steel's
6 inch pilot line. The lead level of the zinc baths was varied from 0.002 to 0.1 O%l:>b so
that the effects of lead additions on the solidification and preferred orientation of the
galvanized coatings could be investigated. The samples were investigated by Chemical
Analysis, Electron Probe Microanalysis, Light Optical Microscopy, and X-ray Diffraction
Inverse Pole Figures. Lead levels greater than 0.04%Pb resulted in larger spangle sizes
because lead additions to liquid zinc significantly reduce the surface energy of liquid
zinc, thus inhibiting the heterogeneous nucleation of zinc crystals. Larger spangle siz,es
were also associated with heavier Fe-Zn alloy layers (coating iron contents greater than
1% Fe) which indicates that the Fe-Zn alloy layer also inhibits zinc crystallization. It is
proposed that. the heat of formation of the Fe-Zn phase remelts some zinc nuclei. The
study showed that lead levels in excess of 0.04% Pb in the galvanizing bath promoted
the formation of the Fe-Zn alloy layer by interfering with the formation of the Fe-AI
inhibition layer. Therefore, higher aluminum levels may be necessary to inhibit the
formation of the Fe-Zn alloy layer in leaded galvanizing baths. The formation of the Fe-
Zn alloy layer tended to randomize the preferred orientation of the zinc coating and,
lastly, the preferred orientation was not dependent on the spangle size or lead content
of the zinc coating.
Background
The purpose of this study was to investigate the effects of lead on the solidification and
preferred orientation of the zinc coating on continuously hot dipped galvanized sheet
(
steel. Sheet steel has been coated with zinc since the mid-1 800's to protect it from
environmental attack. Zinc coatings protect steel two ways:
1) Barrier protection - the zinc coating separates the steel sheet from the
corrosive environment.
2) Galvanic protection - Iron is cathodic to zinc, therefore, the zinc coating
corrodes sacrificially to the steel sheet.
Until the mid-1970's, most primary zinc was refined in horiz~tal retort smelters. Zinc
produced in horizontal retorts was called Prime Western Zinc and contained a significant
level of lead as an impurity. The smelters were environmentally destructive and have
since been legislated out of existence. The current supply of primary zinc is
electrolytically'refined and contains very little lead.
The most prominent effect of lead in the zinc bath are the large zinc grains (spangles)
which develop when lead is present in liquid zinc. Traditionally, coaters have promoted
the bright well defined spangled appearance of their products as a mark of high quality
and a spangled appearance readily distinguishes hot dip galvanized products from other
coated and uncoated products. However, the spangled appearance is undesirable in
"-painted applications because the spangle texture and pattern tnay show through the
paint. Since the elimination of Prime Western Zinc as source of primary zinc in the
1970's, hot-dippers have added lead to the zinc bath when a spangled finish is desired.
2
Further. environmental pressure against lead is forcing hot-dippers to remove lead from
zinc coatings altogether and some coaters have substituted antimony or bismuth for
lead ·in coating applications where a spangled appearance is desired. Antimony and
bismuth both promote the formation of spangles. It has become necessary to
-
investigate the effects of lead on the preferred orientation and solidification of
'~ .
continuously galvanized zinc coatings in order to establish a baseline for future
comparisons of the effects of antimony, bismuth, and lead on the properties of zinc
coated steel sheet. Previous studies leg. 1-7] have utilized laboratory dipped and/or
commercially produced material for samples. The studies using laboratory dipped
samples could not replicate the commercial coating conditions of modern_hot dip coating
lines which continuously coat sheet steel at speeds up to several hundred feet per
minute. The studies that utilized commercially produced material have poorly
.
characterized the sample material· with regard to production conditions and coating
I
characteristics. The samples used in this study were produced on the 6" pilot line at,
Bethlehem Steel's Homer Research Laboratorie$. The pilot line replicates commercial
coating conditions in a controled laboratory enviroment.
The Zinc-Lead System
Thresh [8] determined that lead significantly decreases the surface tension of liquid zinc
(Figure 1) and has little effect on the viscosity of liquid zinc (Figure 2). The surface
tension-of a Zn-0.9% Pb alloy is 30% less than pure liquid zinc, 530 dynes/em vs 770
dynes/em respectively. The effect of lead on the surface tension of liquid zinc is very
important because surface tension, which is proportional to surface energy, influences
crystal nucleation [9,10]. Homogeneous nucleation is controlled by the sum of the
positive free energy resulting from the creation of a surface and the negative free energy
3
resulting from the creation of a volume. The total free energy plot for nucleation is
shown in Figure 3. Two important features of the total free energy plot are the free
tnergy barrier, ~Gi * and critical radius, r*. Atom clusters smaller than r* are unstable
and redissolve while larger clusters continue growing to form crystals.
Equations 1, 2, and 3 are the mathematical expressions for ~Gi *, r*, and the rate of
homogeneous nucleation, I :
~Gi* = (16" cr Tm v;-1/ (3 ~H2 ~T2)
r* = (-2 aTm V.) / ( ~H ~T )
where: a = surface energy
Tm = equilibrium melting point
V. = molar volume
~H = molar change in enthalpy
~T = undercooling
DL = liquid diffusion coefficient
DLm = liquid diffusion coefficient at Tm
B1 = constant
(1 )
(2)
(3)
Because the surface energy is· cubed in the expressions for ~Gi * and I, decreasing the
surface tension of liquid zinc greatly decreases ~Gi * and increases I. Thus,·
homogeneous nucleation of zinc crystals is promoted by the presence of lead which
ch!creases the surface tension of liquid zinc.
Heterogeneous nucleation is similar to homogeneous nucleation except that the
formation crystal nuclei is enhanced by the presence of a catalytic surface. The extent
to which nucleation is enhanced is controlled by the contact angle between the crystal
and the substrate, 8, which is a measure of how well the crystal wets the substrate,
as shown in Figure 4. Improvements in the crystal wetting the substrate decrease the
wetting angle and enhance heterogeneous nucleation. The enhancement is a function
4
fL·
'of 8 given by equation 4:
I
f( 8 ') = 1/4( 2 +cos8 )( 1-cos8 )2 (4)
Equations 5 and 6'are the free energy barrier, bGci * and nucleation rate, IcJor
heterogeneous nucleation:
(5)
At equilibrium, the sum of the surface energies in the plane of the substrate is equal to
zero:
aCL + asc + ( cos8 )aSL = 0 (7)
Assuming that aCL and aSC remain constant, decreas,ing aSL will increase the contact
angle, 8, between the crystal and the substrate. The addition of lead to liquid zinc
decreases the surface ten'sion of liquid zinc, increases the contact angle between .
crystalline zinc and substrate, and inhibits the heterogeneous nucleation of zinc
crystals.
From a practical standPoi~ the addition of lead to liquid zinc should enhance the
wetting of the steel by the galvanizing bath. Sebisty et al. [1] conducted an
investigation of the effects of lead and aluminum additions to the galvani~ing bath. One
of their findings was that prominent bare spots developed in coatings dipped in 0.20%
AI baths and that the bare spots were alleviated when 0.5% or 1.00;.0 Pb was added to
the bath. Renaux et at. [11] corrobora!eg Sebisty et al.' s finding that 0.20% AI-Zn
baths do not wet steel well with their findings that the wetting force between an AI-Zn
bath and the steel substrate is a minimum at 0.2% AI. Renaux et al. partially attributed
this finding to the effect of aluminum on the surface tension of liquid zinc, however,
Thresh [8] showed that aluminum has little effect on the surface tension of liquid zinc
5
(
(Figure 5) but does effect the viscosity of liquid zinc (Figure 6).
The zinc-lead equi~ibrium phase diagram is shown in Figure 7 [12]. The melting point of
pure zinc is 419.8C. A prominent feature of the phase diagram is the miscibility gap
above 41 7. 8C from 0.9 to 98 % Pb. Liquid zinc does not dissolve liquid lead in this
region. The zinc-lead system has a monotectic point at 417 .8C and 0.9%Pb. At the
monotectic, liquid zinc solution transforms to pure solid zinc and a liquid 98%Pb lead
solution. In the range 0-0.9% Pb, lead is soluble in liquid zinc but. not in solid zinc.
Constitutional supercooling [13] is possible in systems such as zinc-lead where the
components are soluble in the liquid phase and have limited solubility in the solid phase.
Constitutional supercooling is an important mode of dendritic-solidification in the linc-
lead system. A diagram depicting constitutional supercooling is shoyvn in Figure 8. As
a zinc-lead liquid solution in the range 0-0.9%Pb solidifies, the first phase to· crystalize
will be pure zinc. Because lead is insoluble in solid zinc, it is rejected into the liquid
alloy, causing the enriched liquid to have a lower melting temperature then the original
alloy. Equation 8 is the mathematical expression for solute redistribution:
9L = Co (1 + (( '1-k) I k) exp{(-Rx' / DL)])
where: CL = composition of liquid as f( x' )
Co = composition of original liquid alloy
k = C·S/C·L
R = rate of movement of interface
x' = distance from in~erface
(8)
Depending upon the prevailing temperature gradient, the melting point of the enriched
liquid may be higher than the actual temperature of the bath allowing for a supercooled
liquid. This condition destablizes the solid-liquid planar interface resulting in the growth
of dendrites. The mathematical expression for interface stability is given by equation 9:
\
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(9)
where: GL = actual temperature gradient at the interface
- mL = slope of the liquidus line
Therefore, decreasing k or increasing Co promotes dendritic growth by destablizing the
solid-liquid interface. Because lead is insoluble in solid zinc, k is very small and dendritic
solidification caused by constitutional supercooling can be expect~d in zinc lead alloys.
Solidification of Thin Zinc Coatings
Cameron et al. [2] conducted an extensive study of the solidification and formation of
spangles in' thin zinc coatings on steel. The study concentrated On baths containing
0.5% and 1.3% lead with tin rangin9 from 0 to 0.5%. Commercial cold rolled'and
annealed capped steel panels (4 in. X4 in., 0.020 and D.024 in. thick) were dipped into
the 440C zinc baths for 15 seconds and the results showed that lower cooling rates
produce larger spangles and that lead additions result in large spangles. ,Cameron et al.
also stated that bismuth additions result in large spangles although they did not actually
experiment with bismuth. The bismuth-zinc phase diagram [12], Figure 9, is similar to
the lead-zinc phase diagram. Both contain monotectics and miscibility gaps and both
,-
lead and bismuth dissolve in liquid zinc but not in solid zinc. Cameron et al. stated that
these elements coarsened the coating structure by inhibiting nucleation (however, they
did not elaborate on a mechanism). They also indicated that an auxiliary alloy element
was required, such as tin or aluminum, that had some solubility in both liquid and solid.
zinc. Cameron et al. po~tulated that the auxiliary alloy causes a metastable retention of
lead in solid zinc and the large lead atoms distort the zinc crystal lattice resulting in the
formation of subgrains and the spangled appearance. Cameron et al. also determined
that spangles grow dendritically in the < 100> direction based on Laue x-ray diffraction
(XRD) and that the primary arms were parallel to the plain of the sheet.
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Cameron et al. [14] asserted that spangles nucleate at the zinc/steel interface based on
an experiment in which steel discs were dipped into molten zinc and centrifuged before
the coating completely solidified. Few details of the experiment were provided other
than that the disc diameter was 2 in. and the bath contained 0.5% Pb add 0.2% AI.
As a result of centrifuging the partially solidified coating, the liquid zinc overlay was
spun away leaving behind only the solid nuclei which were attached to the steel. The
results showed that at least some nucleation occurs at the zinc/steel interface thus
indicating that the nucleation of zinc crystals is heterogeneous.
Kim et al. [3] characttrized the solidification of thin zinc coatings on steel by dipping
panels in molten zinc baths with various Pb and AI contents. The lead range studied
was 0 -1.0% Pb and the resulting spangle sizes ranged from 0.5 to 3 mm as shown in
Figure 10a. The panels were 0.90mm thick AISI 1008 plain carbon steel which were
held at 954C for seven minutes, cooled for 1 minute, and dipped for 5 seconds in the
zinc bath which was at 454-460C. The AI content of the bath was 0.2% and the
experiment was conducted in a 20%H2-80%N2 controlled atmosphere. The surface
temperatures of the coated panel were monitored by an infra-red temperature sensing
device and Kim et al. reported that a significant supercooling, 23C below the melting
point of zinc, o'ccurred during solidification. The actual cooling rate for the experiment
was not reported but an approximate rate, 25C/sec, may be inferred from the total
cooling time after hot dipping, 15-17 seconds. Increasing the cooling rate to 60C/sec
,did not significantly effect the spangle size of the 0.2% AI- 0.1 % Pb panels. Quenching
the samples in water did have a significant refining effect on the structure. Kim et al.
- explained the effect of lead on spangle size by stating that lead additions to a molten
zinc bath lower the surface tension of liquid zinc and inhibit nucleation.
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Kim et al. [3] also investigated the effect of aluminum in the absence of lead on the
spangle size. They reported a slight reduction in spangle size over the range of 0-0.20%
AI (Figure 10b). This is a very minor effect compared to aluminum's influence on the
brightness of galvanized coatings and its ability to inhibit the growth of iron-zinc
intermetallics. Aluminum additions brighten zinc coatings through the formation of a
1O's em thick surface film of AI20 3 [15]. The AI20 3 film prevents oxygen from
contacting the zinc coating, therefore the coating does not oxidize and remains bright.
The brightening effect is accomplished with aluminum levels on the order of 0.02% AI.
Significantly higher aluminum levels, approximately 0.15 % AI, are required to inhibit the
formation of iron-zinc intermetallics. Ghuman and Goldstein [16] found that the iron-
zinc reaction was inhibited by an Fe-AI-Zn ternary compound which transformed to a
structure isomorphous with Fe2AI6 as it became richer in aluminum. Urednicek et al.
[17] asserted that Fe2AIs and FeAI3 form on the steel surface and prevent the formation
of the iron-zinc intermetallics. The effect is temporary, however, because zinc diffuses
through the iron-aluminum causing FeZn7 to form. It is important to recognize that the
total aluminum of the bath is not available for control of the iron-zinc intermetallic
. reaction. Some of the total aluminum will comoine with iron in the zinc bath to form an
Fe-AI-Zn ternary compound so that only the excess aluminum will be effective for plloy
layer control. Tang et al. [18] calculated that when the total aluminum content of the
bath is less than 0.14%, Fe-Zn intermetallic compounds are stable and the total bath
aluminum is equal to effective aluminum. When the total bath aluminum is greater than
0.14%, the bath aluminum must be corrected for Fe-AI-Zn ternary compounds to obtain
the effective aluminum. In order to correct the values -of total bath aluminum for the
contribution of Fe-AI-Zn intermetallics, the level of effective aluminum. can be estimated
9
following the procedure described by Gagne et al. [19]. The procedure assumes that
the composition of the intermetallics is 0.45 AI - 0.35 Fe - 0.20 Zn and utilizes
calculated curves of the solubility of iron in zinc, as a function of aluminum, for various
bath temperatures. To estimate the level of soluable aluminum:
1) Plot the actual pot analysis on the iron versus aluminum solubility curve as
shown in Figure 11.
2) Construct a line with a slope equal to 0.78 (% Fe = 0.78 %AI) through the
actual analysis.
3) The intersection of the correction line with the iron solubility line appropriate
to the bath temperature gives the level of soluable aluminum in the bath.
Belisle [20] showed that at least 0.14% effective aluminum in the bath was necessary
to inhibit Fe-Zn alloy layer formation by plotting coating aluminum versus effective
aluminum as shown in Figure 12. The rapid increase in coating aluminum at 0.14%
effective aluminum is indicative of inhibition of iron zinc intermetallic formation and is in
good agreement with Tang et al.'s calculation.
Fasoyinu et al. [4,21] conducted an extensive investigation on the solidification of zinc
on steel sheet. Pregalvanized 1008 steel panels (8 in. X 3in. X 0.20 in.) were dipped in
varying zinc baths at 475C in order 10 study the effects of bath composition, melt
undercooling, cooling rate, alloy surface tension, and segregation. The cooling rates
were on the order of 4C/sec. Fasoyinu et 81. determined that melt undercooling was
negligible, Le. less than 1C, from thermocouples that were attached to the panels as the
zinc overlay solidified. These results on melt undercooling contradict those of Kim et al.
[3] who found a 23C undercooling. Fasoyinu et al. suggest that the difference is the
result of the temperature measurment technique. Kim et al. used an infra-red pyrometer
and the emissivity fluctuate_d as the overlay solidified which caused significant errors in
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their measured te~peratures. Fasoyinu et al. state that based on their results, i. e.
there is no bulk undercooling of the liquid zinc overlay during solidification, spang!e
growth is not driven by large melt undercoolings. This finding eliminates thermal
dendrites as 'a possible solidification mode for the zinc overlay, Fasoyinu et al. also
. showed that the thermal gradient from the steel to the zinc-air surface is flat. The heat
flow between the steel and the zinc is by metallic conduction, thus resistance to heat
flow is low, and the thermal gradient is minimal. With regard to spangle nucleation,
Fasoyinu et al. proposed that spangles nucleate heterogeneously within the melt and not
necessarily at the steel or air surface. However, what the heterogeneous particles might
be was not indicated. Their nucleation hypothesis was based on autoradiography
examinations of several large spangles which indicated no overall segregation of
radioactive thallium ( 204TI) to the steel or air interfaces. Furthermore, they discounted
the idea that lead and bismuth produce large spangles by inhibiting nucleation and
stated that it appeared unlikely that lead and bismuth chemically dissolve the nuclei in
the bath. Fasoyinu et al. overlooked the influence of lead on the surface tension of
liquid zinc and the heterogeneous nucleation of zinc crystals.
Fasoyinu et al. proposed that a spangle's primary dendrite arms grow briefly in random
directions in the liquid zinc overlay until they meet a steel/zinc or zinc/air surface and
that the presence of the surface favors growth, therefore·the dendrites grow along the
steel/zinc or zinc/air surfaces. Fasoyinu' et al. draw a parallel between zinc and ice
which are both hexagonal close packed crystal structures. Fasoyinu referenced
Lindemayer [22] who showed that the growth of ice was faster on a surface.
Lindemayer attributed the faster growth to the surface acting as a heat sink, but, by
Fasoyinu's own calculations, the steel is in thermal equilibrium with the molten zinc and
11
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is not ameat sink. Therefore, the growth of zinc dendrites along the steel/zinc or
zinc/air surfaces may not be enhanced as proposed by Fasoyinu et al.
Fasoyinu et al. observed that larger spangles were associated yvith alloy solute additions
which have limited solubility in solid zinc and relatively low surface tensions. Steel
panels were dipped in zinc baths containing 0.2% additions of lead, bismuth, antimony,"
magnesium, cadmium, and tin. The additions with the lower surface tensions, i. e. lead,
bismuth, and antimony (average elemental surface tension of 420 dynes/em) produced
large spangles while the baths co.ntaining magn~sium, cadmium, and tin (average
elemental surface tension of 580 dynes/em) did not. Fasoyinu et al.'s findings for lead
and antimony are reproduced in Figure 13. All six additions are soluble in liquid zinc ana
have limited or no solubility in solid zinc so they are conducive to constitutional
supercooling. The absence of large spangles when magnesium, cadmium, or tin are
added to liquid zinc caused Fasoyinu et al. to conclude that constitutional supercooling
by itself can not account for the production of large spangles. Fasoyinu et al. proposed
that the alloy solute addition rej~cted at the dendrite tip during solidification results in
lower surface tension, sharper tip radius, and faster dendrite velocities. Dendrite
\
velocities were calculated by Fasoyinu et al. in accordance with a model developed by
Nash et al. [23]. The dendrite velocities for the additions which result in large
spangles; Zn-Pb, Zn-Bi, and Zn-Sb were three times faster than for Zn-Mg and Zn-Cp;
1OX1 0-2 vs 3X10-2 em/sec, respectively. The dendrite velociW.-9J Zn-Sn, an addition
which results in small spangles, was comparable to the large spangle group, 11 X1 0-2
em/sec. Fasoyinu et al. did not explain the spangle behavior of Zn-Sn.
Fasoyinu et al.'s results could be explained in terms of the basic theories of
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constitutional supercooling and heterogeneous nucleation which have been previously
discussed. Magnesium and cadmium have some solublityin solid zinc where as lead,
bismuth, antimony, and tin are completely insoluablein solid zinc, therefore the values
of k (C s */C,*ffor magnesium and cadmium are greater than for lead, bismuth, antimony,
and tin. Because a stable interface is more likely as k increases from equation 9,
dendritic growth is less likely to occur in Zn-Mg and Zn-Cd coatings which would result
in smaller grains for these systems. Tin is completely insoluable in solid zinc so
-<
den~ritic growth is expected. No data is available for the effect of tin on the surface
tension of liquid zinc, however, if tin does not lower the surface tension of liquid zinc
and inhibit heterogeneous nucleation as does lead, the result would be small spangles
like Fasoyinu et al. observed.
Zinc Crystallography
This section provides background information about the crystallography of zinc because
familiarity with the crystallography of zinc is necessary to understand its preferred
orientation. The crystal structure of zinc is HCP. The lattice parameters are a =2.665
and c =4.947 with a cia ratio of 1.856 [24]. Because the ideal cia ratio for an HCP
arrangement of spheres is.l .633 and there is no reason to believe that the atoms are
not in contact, the zinc atoms must have anis'otropic shapes [25]. This suggests that a
high degree of anistropy might be expected in the properties of zinc.
Figure 14 is a sketch of the zinc unit cell. Six principle atomic planes are shown. The
(001) plane is. the most densely packed and is called the basal plal')e. The (110) and
'-(100) are the prism planes and are perpendicular to the basal plane. The other planes,
(103), (102), and (101) are pyramid planes andare grouped according to the angle that
-.
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they make with the basal plane. The (103) and (102) are low angle pyramid planes and
are inclined 35.5 and 47 degrees to the basal plane, respectively. The (1 01) is a high
angle pyramid plane inclined 65 degrees to the basal plane. The <001 > direction
which is normal to the (D01) plane and the < 100> which is not normal to the (100)
plane are also shown in Figure 14. Directions in a hexagonal lattice are not necessarily
perpendicular to planes with the same indices, as is the case in a cubic lattice.
Preferred Orientation of Bulk Zinc Castings
Edmunds et al. [26,27] studied the preferred orientation of bulk zinc castings. Pure zinc
was cast into molds of air, Transite, iron, and molten lead and the zinc crystal
orientation was determined in the chill and columnar zones. It was found that the
(001) plane was parallel to the mold wall in the chill zone for all mold materials which
was attributed to the effects of surface tension. Due to the attractive forces between
the atoms, they tend to assume a surface made up of the most close-packed atomic
plane, (DOl). It appears that the tendency for (D01) parallel to the mold wall in the chill
zone is not very sensitive to heat transfer rates since it was observed with such a
variety of mold materials. It was also found that the (001) plane was perpendicular to
the mold wall in the columnar region. This is consistent with < 100> being the
preferred dendrite growth direction for HCP materials as reported by Chalmers[13].
Chalmers observed that the dendrite growth direction is the axis of a pyramid of the
closest p~cked planes that can form a pyramid. ~This condition excludes the (001)
planes in the hexagonal lattice.
Preferred Orientation of Thin Zinc Coatings
Jaffrey et all [28] grouped spangles into four morphological categories: mirror-like,
14
feathery, dimpled, and ridged. Examples of each type appear in Figure 15. It was found
that the "mirror-like", "feathery" i·and "dimpled" spangle morphologies had the (001)
plane aligned with the plane of the sheet 'nut the "ridged" spangle morphology was not.
The crystal orientation determinations were by electron diffraction, however, only 17
spangles were investigated and diffraction conditions are relaxed in electron diffraction
>
, thin films, thus precision suffers. Wall et al. [5] found evidence corresponding to
dendritic growth in the <001> and < 110> zinc crystal directions and their crystal
,,'
orientation results agreed with Jaffrey when they examined some spangles by a Laue
XRD technique. On the contrary, Cameron et al. [2] and Fasoyinu et al. [4] determined
that spangle sector (001) planes were inclined to the plain of the sheet by an average of
45 degrees. Fasoyinu et al. suggested that this was evidenc.e of dendritic growth in
directions other than < 100> outside the basal plane. The results of individual spangle
and spangle sector orientation analysis have been contradictory, possibly due to
deficiencies in the number of spangles sampled. The techniques used to determine the
orientations are tedious and time consuming, therefore, only a few spangles are
investigated which may not be representative of the bulk coating.
Wall et al. [5] also used a zinc inverse pole figure (ZIPF) technique to determine the
preferred orientation of the zinc layer on commercially produced material. The material
was only characterized with respect ot spangle size, no other information such as
coating thickness, coating chemistry, etc. was provided. They found that within the
spangle size range 1-1 Omm, there was a strong tendency towards a basal orientation.
Wall et al. also investigated minimized spangle material produced by the Heurty process.
In the Heurty process, fine zinc powder is projected onto the molten zinc overlay which
causes a very high rate of zinc crystal nucleation. The spangle ,size of the Heurty
15
material investigated by Wall et al. was 0.1 mm and the basal orientation of the zinc
crystals was very strong. The results of Wall et al.'s study are reproduced in Figure 16.
The results present only the information concerning the percentage of basally oriented
zinc crystals and no information was provided regarding zinc crystals with other
orientations.
Leidheiser and Kim [6,29) used a chemical etch that colors zinc crystals with basal
planes oriented within 15 degrees of the sheet plane brown to determine the preferred
orientation of commercially produced material in their exhaustive study of /
crystallographic factors affecting the adherence of paint to deformed galvanized steel.
, .
The findings showed that deformation paint adherence increases with the per centage of
basally oriented zinc grains. Leidheiser and Kim also showed that some basal
orientation was always observed in regular spangle material and that a much stronger
basal orientation was observed in minispangle material. These results are consistent
with Wall et al [5).
Klang et al. [7) investigated the preferred orientations of commercial material and three
sets of lab produced zinc coatings. The commercial samples included regular and
Heurtey minimized spangle materials while the three sets of lab produced samples were
pure zinc, zinc with aluminum ranging from 0.12 to 0.20%AI, and zinc with lead ranging
from 0.002 to 0.20% Pb. The bulk coating orientation of the samples was determined
qualitatively by partial (001) pole figure analysis. Half of the pure zinc samples had
strong basal preferred orientations while the other half did not. Because the technique
"considered only the (001) zinc planes, its unknown whether the samples without a basal
preferred orientation were randomly oriented or had some other orientation. Most of the
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zinc-aluminum samples were not basally oriented, however a moderate basal preferred
J .
orientation was observed in the zinc-lead samples. The basal preferred orientation in the
zinc-lead samples was never as strong as that observed in the pure zinc samples when
the pure zinc samples were basally oriented.
Klang et al. explained their results by proposing a negative temperature gradient from
the steel/zinc to the zinc/air interface. The gradient would be affected by the formation
of the iron-zinc alloy layer, an exothermic reaction, and the preferred orientation would
depend on where the spangles nucleate. If nucleation occurred at the zinc/steel
interface, the dendritic growth would be "dl3.wn hill" in the < 100> crystal direction to
the zinc/air interface and the basal orientation would not develop. If nucleation occurred
on the zinc/air interface, growth would be along the surface, not "up hill", and a strong
basal texture would resul.t. Klang et al. suggested that nucleation occurred at the
zinc/air interface in some of the pure zinc samples and at the steel/zinc interface in
others, thus accounting for the all or none basal preferred orientation. In the case of the
zinc-aluminum samples, they note that aluminum inhibits iron-zinc alloy layer formation
i
thus eliminating the iron-zinc reaction as a source of heat and lowering the gradient, so
nucleation can occur at the steel/zinc interface, thus basal textures are not observed.
They state that the effect of lead is to inhibit nucleation, therefore dendritic growth
occurs in a more supercooled enviroment which promotes a basal orientation and that
'- .
lead might somehow promote nucleation at the zinc/air interface. Klang et al. might
have corroborated -their theory that the absence of a basal orientation is the result of
zinc crystal nucleation at the steel/zinc interface with additional preferred orientation
studies. The additional studies could prove that the basal plane is perpendicular to the
sheet in coatings without a basal texture.
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Spittle et al. [30] criticized Klang et aI.'s theory by" arguing that grains nucleating at the.
zinc/steel interface could also grow laterally. They proposed an alternative theory which
is very similar to one proposed by Wall ~t al. [5]. Wall et al. noted that the most
commonly observed dendrite growth direction in zinc is < 100> and that the < 100 >
direction is in the (001) plane. They state that there is a natural tendency for zinc
coatings to assume a basal preferred orientation. Starting with randomly oriented nuclei,
those nuclei oriented with the < 100> parallel to the steel substrate will grow wider
. than nuclei with unfavorable orientations. In the case of the Heurtey minispangle
material which has a strong basal preferred orientation, Wall et al. state that "processes
'--~l"
which minimize the spangle, by enhancing nucleation, increase the number of favorably
oriented nuclei." •Spittle et al. [25] proposed that the extent of the basal orientation is
directly related to the degree of supercooling prior to nucleation and growth of the
crystals.
With respect to lead, both Wall et al. and Spittle et al. state that lead inhibits zigc
crystal nucleation (without elaborating on the mechanism) which increases supercooling
prior to nucleation and growth. Additionally, increasing supercooling enhances dendritic
growth. Therefore, Wall et al. and Spittle et al. state that some degree of basal
orientation can always be expected when lead is present in the zinc bath.
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Experimental Procedure
Sample Preparation
The samples used in this experiment were produced on Bethlehem Steel's Six Inch
Continuous Hot Dip Galvanizing Pilot Line at the Homer Research Laboratories (Figure
17). The line replicates a comJ;{lercial production line in a laboratory environment. The
line incorporates alkaline cleaning and brushing to prepare incoming strip, an induction
furnace to preheat the strip, a zinc pot for coating, wipers (nitrogen or air) for controlling
coating weight, and a set of blowers for enhanced strip cooling rates.
Coils of cold rolled low carbon &feel strip (0.020 in. thick) were galvanized in zinc baths
with eleven lead levels ranging from 0.002 to 0.1 O%Pb. The coils were stored in a
controlled atmosphere prior to coating in order to prevent oxidation. All process
variables were carefully controlled throughout the experiment so that they would remain
constant. The strip was preheated to 550C in the induction furnace and entered the pot
. ,
at 465C. The line speed was 100ft/min and the pot temperature was 460C for all
samples. The coated strip was nitrogen wiped in order to maintain a 91.5 g/m2
minimum coating weight and blowers forced air against the strip to achieve enhanced
, ~
cooling rates. The actual processing parameters for the eleven coils are tabulated in
Table 1. Previous experimentation under the same process conditions indicated that the
average cooling rate during solidification of the zinc overlay was on the order of
45C/sec.
,
Chemical Analysis and Coating Weights
The steel coils used in this study were chemically analyzed by routine methods. The
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zinc coatings were stripped with inhibited Hel and the solutions were analyzed by
Atomic Absorption Spectrophotometry for total lead, aluminum, and iron. The zinc
coating weights were determined by a weigh-strip-weigh technique. A sample of each
zinc bath was milled, dissolved in acid, and analyzed by Atomic Absorption
Spectrophotometry for total lead, aluminum, and iron.
Electron Probe Microanalysis (EPMA)
Electron microscopy was performed on two separate" JEOL 733 Superprobes located at
"Lehigh University and Bethiehem Steel's Homer Research Laboratories. Both
instruments were operated at 17Kv and -50 Na. Iron, zinc, aluminum, and lead EPMA
Iinescans and element dot maps were generated in the wavelength dispersive mode
using L1F, TAP, and PET crystals.
Spangle Size
Spangle sizes were determined by the Jeffries Planimetric method [31]. Planar samples
from the top and bottom of each coil were metallographically prepared to remove the
surface topography. The polished samples were etched in a 10% NaOH solution to
reveal the grains and the number of grains within a known area (5000 mm 2 ) were
counted.so the number of grains per unit area ( NA ) could be calculated. The number of
grains per unit area were converted to spange diameters ( d ) by assuming circular
grains:
d = ( 4 / NA ) 1/2
Zinc Preferred Orientation by X-Ray Diffraction
(10)
Zinc crystal orientations were determined by a Zinc Inverse Pole Figure technique (ZIPF)
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[32]. The procedure is very similar to the In-Sheet-Plane Percentage Method described
by Shaffer et al. [33]. The crystal orientation is represented as the ratio of the actual
relative intensities of zinc planes parallel to the sheet surface versus what is expected
from a random distribution of zinc crystals. The method assumes that the orientation of
the grains is radially symmetric about the sheet normal axis (fibre texture). ZIPF crystal
orientation measurements are adequate for studying two dimensional properties such as
corrosion and paint adhesion but they lack the third dimension (rotation about the sheet
normal) that may be necessary for analyzing a three dimensional property such as
formability.
'--
A Diano XRD 8535 x-ray diffractometer equipped with a chromium source was used in
this experiment. The instrument settings are given in Table 2. Chromium (K-
alpha =2.291 A) has several advantages over the more common copper (K-
alpha = 1.54A) sources for the analysis of coated sheet steel. The most important is
that copper fluoresces iron and chromium does not, therefore chromium provides a
significant signal to noise advantage over copper. Secondly, because chromium has a
longer wavelength than copper, chromium penetrates coatings less than copper. This
means that the specimen transparency correction is less significant for chromium than
for copper. The depth of interaction between the x-ray beam and the specimen varies
with the Bragg angle, 8, and equation 11 gives the fraction, Gx,-of the XRD signal
arjsjngJLom_athin layer located aLa_depth x_below the surface of the coating as a
function of the Bragg angle [25].
Gx= ( 1 - exp[ -2J1x / sin8 ))
where: J1 = mass absorption coefficient
8 = Bragg angle
(11 )
XRD infinite thickness is calculated by substituting 0.9999 into equation 11 for Gx and
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as JJ decreases, x increases. Therefore, copper (JJzn = 8.3 ) penetrates zinc coatings
more than chromium (JJzn = 23.7). If the thickness of the coating is known and
substituted for x, then the fraction, Gx ' of the XRD signal arising from a thin layer
located at a depth x below the surface can be back calculated. Gx can then be used to
correct the measured integrated intensities for specimen transparency.
Lastly, because of its longer wavelength, the inherent angular resolution of a chromium
source is greater than for a copper source. The range of d-spaces used in this
experiment were spread across 80.4 degrees ( 28 ) by using a chromium source versus
40.7 degrees with a copper source. Therefore, the use of a chromium source resulted
in a twofold improvement in angular resolution.
X-ray techniques have two significant limitations with respect to analyzing coarse
grained samples such as the larger spangle samples in this study. Leidhieser recognized
that in the larger spangled'materials, only a few grains were sampled by the x-ray beam
[6,29]. The second limitation is that the cones of diffracted intensity are disc;ontinuous
in large grained material~ (see Figure 18) while the cones are continuous in fine grained
samples [25]. When a diffractometer scan slices through the cones of diffracted
\'
intensity, the measurement may not be representative if the cones are discontinuous.
These two deficiencies were addressed with a new sample stage which was
manufactured at Homer Research Laboratories (Figure 19). The new stage spins
samples in the form of three inch discs at 60 rpm. The axis of rotation~s offset 25 mm
from the b~am so that a 20 cm 2 sample area is scanned. This is a ten fold improvement
over a stationary sample. Spinning the sample effectively imparts an arc motion to the
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diffraction cones, thereby smoothing any discontinuous cones of diffracted intensity.
The relative diffraction peak intensities for a random distribution of zinc crystals can be
calculated from zinc crystal data as described by Cullity [25]. Sample calculations for
chromium K-alpha are shown in Table 3. The relative peak intensity is a function of the
wavelength of the radiation source and relative intensities from the JCPDS-ICDD cards
may not be applicable. Calculated intensities should always be used and they should
always be checked by scanning a powder sample on the particular diffractometer being
used in the experiment.
The results, of the ZIPF are usually presented in the form of a bar chart. The chart
shows the normalized ratio of the actual relative intensity to the theoretical relative
intensity of the zinc planes of interest. The ratios are normalized to the number of zinc
planes surveyed for the analysis. In this work, the first six zinc planes were surveyed.
They are Zn (002), Zn (100), Zn (101), Zn (102), Zn (103), and Zn (110). Planes
distributed randomly would have a normalized ratio equal to 1. If the sample was
entirely basally oriented, the normalized ratio of the Zn (002) Would be 6 and the other
zinc planes would be O. To convert from a normalized ratio to the percentage of grains
with that plane parallel to the surface, divide the plane's normalized ratio by the total
number of planes, 6. Sample calculations are given in Table 4 and Figures 20 and 21
compare the XRD patterns of a randomly oriented zinc powder sample to a sample with
a basal orientation approximately four times random.
The x-ray procedure and new sample stage were verified by mounting a random zinc
powder sample on a three inch disc and determining its ZIPF in triplicate. The ZIPF
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verification is pres~·nte(TinTabTe·5~--Excell8nt-agre·emenf-was·-6tmnned-b-etwe-enl:he--­
three runs and the normalized ratios ranged from 1.14 for Zn (002) to 0.88 for Zn
(101) and (100). The slight positive bias in the case of Zn (002) may be attributable to
ZnO contamination because the strongest line of ZnO, (101), overlaps with Zn (002).
The,ZIPF verification was conducted with instrument settings identical to those used in
the experiment.
A total of eighty eight ZIPFs were 'determined for this experiment. They included four
tops and four bottoms from each of the eleven coils. The results were av~raged for
each coil in order to better represent the overall preferred orientation of the zinc coating,
especially in the case of the larger spangled material. A total area of 160 cm2 was
analyzed for each coil which included approximately 3250 of the larger spangles versus
81,600 of the smaller spangles.
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Results and Discussion
Chemical Analysis and Coating Weights
The chemical analysis of the primary zinc and lead added to the bath and the sheet steel
coils used in this investigation are given in Tables 6-8. Samples 1 and 4were produced
with Coil 1 and the balance of the samples were produced with Coil 2. Both coils were
low carbon cold rolled steel of similar composition. The zinc coating weights are given
in Table 9 and ranged from 105 (Sample 14) to 123 g/m2 (Sample 15) zinc per side.
The lead, iron, and aluminum contents of the zinc pot and the zinc coatings are given in
Table 10. The lead content of the pot was greater than the lead content of the coatings
in most cases. This is because lead is insoluble in solid iron and solid zinc and therefore
is not expected to be soluble in the Fe-Zn alloy layer which is included in the coating
weight and chemical analysis determinations. The inclusion of the Fe-Zn alloy layer in
the calculations dilutes the coating I,ead conter;lt: The iron content of the pot ranged
_.. - ---- - --_. - -- .. _--\ -. - - _.. -
from 0.03 to 0.05 %Fe and the total aluminum 'content ranged from 0.11 to 0.15 %AI,
therefore the liquid zinc was saturated with iron in all cases and either Fe-AI-Zn or Fe-Zn
intermetallics will form. The aluminum content of the Fe-AI-Zn phase is 45%AI,
consequently, the formation of the Fe-AI-Zn phase consumes significant quantities of
bath aluminum that otherwise would be available to react with the steel sheet to form
an Fe-AI inhibition layer [19]. Therefore, when the Fe-AI-Zn phase is stable, the total
aluminum content of the bath must be corrected for the aluminum content of the Fe-AI-
Zn phase to obtain the soluble aluminum content of the bath. The solubility of
aluminum in the Fe-Zn phase is very low, less than 3%AI, so when the Fe-Zn phase is
stable, the soluble aluminum content of the pot is equivalent to the total aluminum
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content of the pot [18]. According to Tang et al. [18 ], Fe-Zn intermetallics are stable
when the total pot aluminum content is less than 0.14%AI. Sample 14, with 0.15%
total aluminum, was the only sample with more than 0.14% total aluminum,
.
accordingly, the total pot aluminum for sample 14 was corrected for the contribution of
Fe-AI-Zn intermetallics to yield 0.14% soluble aluminum.
~The soluble aluminum contents of the pots varj~d from 0.11 to 0.14%AI and, according
to Belisle [20], should have a constant effect on the Fe-Zn alloy layer. Belisle plotted
coating aluminum versus soluble aluminum (Figure 12) to show the effect of soluble
aluminum on the formation of the Fe-AI inhibition layer. His data was for temperatures
and immersion times comparable to this study (465C bath, 6 second immersion) and he
showed that coating aluminum was constant over the range of soluble aluminum,
0.09% to 0.13%AI. Belisle's study found that the formation of the Fe-AI inhibition layer
was indicated by a rapid pickup in coating aluminum corresponding to 0.14% soluble
bath aluminum. The pickup in coating aluminum was not observed in this experiment,
however, the samples in Belisle's investigation were lead free (15 ppm Pb) while all the
samples in this investigation contained lead (O.002-0.10%Pb). This suggests that lead·
in the zinc bath prQmotes the formation of the Fe-Zn alloy layer and therefore increases
the level of soluble aluminum necessary for the formation of the Fe-AI inhibition layer.
The iron content of the coating is a good bulk indication of the extent of Fe-Zn alloying
and plotting bath lead content versus coating iron content (Figure 22) indicates that
coating iron content does increase with coating lead content. Generally, the coating
iron content appears to be constant up to a level of 0.04%Pb, beyond which the
coating iron content increases significantly with lead content. Cross-sectional Light
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Optical Microscope (LaM) photomicrographs of the eleven coatings showing the Fe-Zn
alloy layers are pr'esented in Figures 23-33. Alloying was heaviest in samples 13 and 14
which contained 0.060 and 0.109 pot lead, respectively. The Fe-Zn alloy layer
development in these samples was similar to Fe-Zn alloy layer development observed by
(
Belisle at 0.09%AI soluble bath aluminum, thus, LaM corroborates the chemical analysis
data which indicates that lead in the zinc bath promotes the formation of the Fe-Zn alloy
layer.
Electron Probe Microanalysis (EPMA)
In order to further investigate the effect of lead on Fe-Zn alloy layer growth, the coating
-.
of Sample 15 was studied by Electron Probe Microanalysis (EPMA). Sample 15 was
selected because it was the highest in coating lead (O.088%Pb) and coating iron
(2.24%Fe). Two possible ways that lead could enhance the growth of the Fe-Zn alloy
layer are that lead may interfere with the formation of the Fe-AI inhibition layer or that
lead may affect the ternary diffusion of zinc through the Fe-AI inhibition layer. If lead
affects the ternary diffusion of z~nc through the Fe-AI inhibition layer it might be
homogeneously distributed in the Fe-Zn alloy layer. Iron, zinc, aluminum and lead EPMA
line scans were performed across the coating of Sample 15 and the normalized weight
percents of two typical scans are plotted in Figures 34A and 34B with the vertical axis
located at the steel/coating interface. 'The line scans showed that the steel was 99%
iron and that the zinc overlay was 98% zinc as expected. Aluminum is soluble in iron
zinc intermetallics and was detected in the Fe-Zn alloy layer (Figure 348).
Two indications for lead were found in the zinc overlay (Figure 34B). One lead
indication corresponded to discrete lead particles found at approximately 12 microns
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from the interface and shown in the EPMA photomicrograph and lead dot map of Figure
35. There were also trace indications of lead at the steel/coating interface and in the
Fe-Zn alloy layer, however, the validity of these indications was questioned as the lead
levels indicated were very close to the minimum detection limit (M. D. L.) of the EPMA
line scan analysis.
To verify the line scan lead indications, area mC!ps of the steel coating interface and
alloy Iqyer were conducted. Two dimensional area maps would clearly provide more
information about the lead level and distribution than the one dimensional line scans.
The results of EPMA mapping for lead~aluminum, and iron are presented in Figures 36
and 37 which show discrete submicron lead particles at the steel/coating interface. The
EMPA map results confirm findings by van der Heiden (34). Van der Heiden taper
p'olished 0.1 %Pb zinc coatings at a 20 degree angle to enhance the steel/coating
interface and found discrete Fe-AI particles and individual lead particles at the
steel/coating interface. The absence of a homogeneous distribution of lead in the Fe-Zn
alloy layer (as compared to aluminum) confirms that lead is not soluble in zinc, iron, or
iron-zinc compounds and thus it is unlikely that lead enhances Fe-Zn alloy layer growth
by affecting the diffusion of zinc through the Fe-AI inhibition layer. Lead may affect the
growth of the Fe-Zn alloy layer by hinderin'g the formation of the Fe-AI inhibition layer.
Van der Heiden's work showed that the continuity of the Fe-AI inhibition layer was
disrupted by discrete lead particles and would confirm the observation that lead in the
galvanizing bath retards inhibition and therefore enhances the formation of the Fe-Zn
alloy layer in gal~a[1ized coatings. Figure 22 shows that for bath lead additions up to
0.04%Pb, the coating iron content is constant at about 0.75%Fe. Ho'wever, when the
bath lead exceeds 0.05%Pb the coati!\g iron content increases continuously, again
~
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confirming the negative effect of bath lead content on inhibition.
Spangle Size
All of the zinc coatings were dendritic and the four spangle morphologies described by
Jaffrey et al. [28], mirror, feather, dimpled, and ridged, were observed in each.
. -'
'"Representative LGM photomicrographs of each type. of spangle m6rphology are shown
in Figures 38 and 39. All of the zinc coatings were of high quality and no bare spots or
pin holes were observed, thus indicating good wettability of the steel by the liquid zinc.
The spangle size of the zinc coatings ranged from 0.5 to 2.5mm. The results are listed
in Table 11 and plotted against coating lead content in Figure 40. This data shows a
transition from small spangle size to large spangle size that is complete at approximately
0.04% Pb. The spangle size results are consistent with measurements by Kim et al. [3]
which were shown in Figure 10a and replotted in Figure 41 with the results of this
experiment along with results from Fasoyinu et al. [4]. The apparent agreement with
Kim et al. is expected because the cooling rates in the two experiments were
comparable. Kim et al.'s data was for a cooling rate range of 25-60C/sec versus the
cooling rate for this ~xperiment which was 45C/sec. The cooling rate in the Fasoyinu et
al. experiment was 4C/sec and the spangle sizes ranged from 1 to 13mm, thus
demonstrating that lower cooling rates yield larger spangles because lower
undercoolings produce less nuclei. While the spangle sizes measured by Fasoyinu et al.
were larger due to the slower cooling rate, the transition to large spangles still occurred
at 0.04%Pb which is consistent with the results of this investigation.
Lead could affect the solidification of zinc coatings in several ways. One effect of lead
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on the solidification of zinc coatings is that lead lowers the interfacial energy of liquid
zinc and therefore inhibits the heterogeneous~ucleation of zinc crystals [8,9]. Lowering
the interfacial energy of liquid zinc causes an increase in the contact angle, e, between
crystalline zinc and the substrate and raises the energy barrier, boG *i' to heterogeneous
nucleation (equations 4-6). Zinc crystals grow outward from each crystal nucleus until
they meet adjacent dendrites from neighboring nuclei. Lead, by inhibiting
heterogeneous nucleation, increases the spacing between neighboring nuclei, thus
possibly coarsening the spangle size. A second effect of lead on the solidification of
zinc coatings is that lead causes constitutional supercooling of liquid zinc which
promotes dendritic solidification. Lead is soluble in liquid zinc and insoluble in solid zinc,
therefore, as liquid zinc crystallizes, lead is rejected by solid zinc and concentrated in
/"
liquid zinc. When the meltin.g point of the lead enriched liquid zinc is greater than the
prevailing temperature gradient, the liquid is constitutionally supercooled and dendritic
growth will occur. As the lead content of the original liquid zinc alloy increases, solute
redistribution (equation 8) and the constitutional supercooling driving force for dendritic
growth also increase. As solidification progresses, lead is concentrated between the
zinc dendrite arms as shown by the EPMA photomicrographs in Figures 42-44. These
results show again that lead solubility in zinc is nil but this excess lead has no effect on
spangle size because the lead particles form primarily interdendritically and not
excessively at the spangle boundary.
A relationship between coating iron content and ,spangle size was also observed (Figure
45). When the coating iron content was in excess of 1% Fe, the spangle size was high.
Because coating iron content is a measure of Fe-Zn alloy layer development, it appears
that the presence of the Fe-Zn alloy layer somehow hinders nucleation. Zinc crystals
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nucleate at the zinc/substrate surface and any factors which alter the zinc/substrate
surface should accordingly affect the spangle size of the zinc coating. The formation of
Fe-Zn intermetallic compounds significantly alters the substrate surface and tne
chemical reaction is exothermic. This source of heat could be a factor in zinc· crystal
nucleation. The heat of transformation for zinc solidification is -7 KJ/mole versus the
heat of formation of the Fe-Zn phases which is -11 KJ/mole [35,36]. Therefore, the heat
released by Fe-Zn formation could remelt the zinc nuclei and result in a decrease in
nuclei density and coarsened spangle size as observed in this study. Another possibility
is that the Fe-Zn alloy phases compete with zinc for heterogeneous nucleation sites
along the zinc/substrate surface. The formation of Fe-Zn phases may consume
nucleation sites that would have otherwise been available for zinc crystal nucleation
and, accordingly, coarsen the spangle size.
Zinc Inverse Pole Figure Results (ZIPF)
Individual ZIPF results for the eighty eight samples are listed in Table 12 and plotted
against coating lead by zinc plane in Figures 46-51. The error bars are equal to one
estimated standard deviation (e~d) and are typical of ZIPF's for coarse grained materials.
Averaging the individual results by coating lead content yields ZIPF's which are more
representative of the true bulk zinc coating orientation. Table 13 summarizes the
averaged normalized intensity ratios from each coil and Figures 52-57 show the average
ZIPF's by coating lead content. The plot of average basal orientation versus coating lead
(Figure 46) shows that there is no clear relationship between the two variables. Some
basal orientation was observed in all of the samples as shown by Figure 58, which plots
basal orientation versus spangle size and could be interpreted to show that spangle size
is independent of 'basal plane orientation. This is consistent with the findings of
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previous investigators [5-7] who also found that the preferred orientation of hot dipped
zinc coatings was basal and that there was no apparent dependeflce on spangle size
over the range of spangle sizes considered in this experiment.
Plotting basal orientation against coating iron content (Figure 59) revealed that the
samples with the most developed Fe-Zn alloy layers (Samples 13, 14, and 15) nad low
basal plane orientations and that the Fe-Zn alloy layers of all of the highly oriented
samples (Samples 1,4,10,11, and 12) were underdeveloped. This suggests that a
coating iron content threshold of approximately 1%Fe may be critical to whether or not
a strong basal orientation developed in the study material. Basal orientations in zinc
coatings develop due to the unrestricted two dimensional growth of zinc dendrites in the
< 100> direction and factors which interfere with free growth should tend to randomize
the preferred orientation. The chemical reaction between iron and zinc is an exothermic
source of heat which may be disruptive to the prevailing temperature gradients and
dendrite growth. Additionally, the alloy layer is significantly rougher than the base steel
surface which may also tend to randomize the orientation of the zinc coating by
introducing growth defects into the zinc dendrites.
In summary, the production of hot dip zinc coatings can be optimized for either high
spangle size or high basal preferred orientation. In order to produce zinc coatings with
well developed spangles, it is necessary to alloy the molten zinc with an element such
as lead which either lowers the interfacial energy of liquid zinc or precipitates at the
substrate/coating interface, affecting inhibition, and consequently inhibits the
heterogeneous nucleation of zinc crystals. This study also showed that enhancing the
growth of the Fe-Zn alloy layer can also contribute to large spangle size. Large spangles
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are characteristic of products such as guard rails and lamp posts which are coated with
zinc by batch dip processe~ which involve long immersion times and result in very heavy
Fe-Zn alloy layers. Factors which promote the formation of the Fe-Zn alloy layer include
lowering the, soluble aluminum content of the pot, increasing the operating temperature
(pot and strip) of the line, slowing the line to increase immersion time, switching to
more reactive substrates, and increasing the lead content of the pot. In order to
produce zinc coatings with a highly developed basal preferred orientation, this study
showed that it is necessary to minimize the Fe-Zn alloy layer growth. Factors which
minimize the 'development of the Fe-Zn alloy layer include increasing the soluble
aluminum content of the pot, decreasing the operating temperature (pot and strip) of the
line, increasing'the line speed to decrease immersion time, switching to less reactive
substrates, and decreasing the lead content of the pot. Lead was shown to be a very
potent alloying addition in the zinc pot because of its duel influence on both spangle
development and alloy layer growth.
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Conclusions
The following can be concluded from this study of the effect of lead additions on the
zinc coating of continuously hot dipped galvanized sheet steel:.
1. Lead levels greater than 0.04% Pb resulted in larger spangle sizes. Lead additions to
liquid zinc significantly reduce the surface energy of liquid zinc resulting in an increase in
the contact angle, 8, between the zinc crystal and substrate. Increasing 8 raises the
energy barrier, llG*j, to heterogeneous nucleation which increases the distance between
nuclei, thus coarsening the spangle size. The presence of lead in liquid zinc also
promotes constitutional supercooling and dendritic growth.
2. Lead in liquid zinc promotes the formation of the Fe-Zn alloy layer, and consequently,
the amount of aluminum required to control the Fe-Zn alloy layer may be higher in
leaded zinc baths. The coating iron content was constant up to a level of 0.04% Pb,
beyond which the coating iron content increased significantly with lead content. The
absence of a significant homogeneous distribution of lead in the Fe-Zn alloy layer as
revealed by EPMA analysis indicates that lead does not affect the diffusion of zinc
through the Fe-AI inhibition layer. However, lead may hinder the formation of the Fe-AI
inhibition layer by the formation of discrete lead particles at the steel/coating interface
which results in enhanced Fe-Zn alloy layer growth.
2. The Fe-Zn alloy layer enhances spangle size by altering the zinc/substrate surface
""'-
which affects heterogeneous zinc crystal nucleation. When the coating iron content
was greater than-1-$1o-Ee.-the-spangle size-was-high.Jt isproposed_thaLthe_heat _
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released by the formation of Fe-Zn intermetallics may remelt some zinc nuclei and/or the
Fe-Zn phases may be in competition with liquid zinc for he.terogeneous nucleation sites.
4. The presence of the Fe-Zn alloy layer tends to randomize the preferred orientation of
the zinc coating.
5. There is no relationship between the preferred orientation and the spangle size over
the range of spangle sizes investigated. It appears that both spangle size and preferred
orientation are influenced by the coating iron content. In addition, there is nO
relationship between the pr~ferred orientation and the lead content of the coating.
------------ ---
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Table 1. Processing Parameters for the Eleven Samples
Code Furnace Snout Temp Bath Line Speed ImmersionTemp (F) (F) Temp (F) (FPM) Time (SEC)
#1 987 831 858 102 4
#4 1010 869 864 102 4
,
#5 1037 884 882 103 4
#6 1009 876 864 102 4
#9 1005 845 865 102 4
#10 1032 854 866 103 4
#11 1012 847 859 102 4
#12 1031 855 866 103 4
#13 1013 887 861 103 4
#14 1028 893 858 102 4
#15 1019 890 864 102 4
Table 2. X-ray Diffraction Instrument Parameters
Instrument Diano XRD 8535 Diffractometer
Source Chromium (Kalpha = 2.291 A) CA8l X-Ray Tube;
20mA, 45 kV , Vanadium Beta filter
Slits Beam - 0.2 degrees , Recieving - MR
Scan Speed 2 degrees per minute
Time Constant 2.5
'to
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Table 3. Calculated Intensities for Zinc with Chromium Radiation, Kalpha = 2.291
angstroms.
l;"lt h'<-I
S;,.. G
( ~r'\ If/ z. f fe //1,+ Rel1ttte s;'" c9 """£
-
-
-
- -~-
--
1 (002) 27.6 0.463 0.202 22.31 1991 2 6.969 27751 38
2 (100) 29.7 0.495 0.216 21.78 474 6 5.905 16794 23
3 (101 ) 33.4 0.548 0.239 20.91 1312 12 4.625 72816 100
4 (102) 42.7 0.678 0.296 18.74 351 12 2.978 12543 ,17
5 (103) 58.6 0.854 0.373 16.56 823 12 3.185 31453 43
6 (110) 59.3 0.860 0.376 16.49 1088 6 3.256 21255 29
Table 4. Sample Calculation of Normalized Intensity Ratio for a Random Zinc Powder
Sample.
Zinc Measured Measured Calculated Measuredl Normali Normalized
Planes Integrated Relative Relative Calculated zation Intensity
Intensity Intensity Intensity ReI. Int. Factor Ratio
(002) 12750 51 38 1.34--- 0.875 1.17
(100) 5868 23 23 1.00 0.875 0.87
(101 ) 25020 100 100 1.00 0.875 0.87
(102) 5016 20 17 1.18 0.875 1.03
(103) 13356 53 43 1.23 0.875 1.08
(110) 8059 32 29 1.11 0.875 0.97
Sum 6.86
Normalization
Factor = 0.875
6/sum
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Table 5. 'Results of ZIPF Verification with Random Zinc Powder
Run Zinc Planes
(002) (103) (102) _ (101) (100) (110)
...
.,
First 1.15 1.08 1.03 0.88 0.89 0.99
Second 1.17 1.08 1.03 0.87 0.89 0.97
Third 1.11 1.06 1.12 0.88 0.85 0.97
AVG 1.14 1.07 1.06 0.88 0.88 0.98
Table 6. Chemical Analysis of the Primary Zinc
Zn AI Si Fe Pb Cu Cd Sn Sb (ppm)
99.1 <0.05 <:0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <1.0
Table 7. Chemical Analysis of Primary LeatJ
/
Pb Sb As Bi Cd Cu Fe Sn Ag
99.9 0.02 0.07 0.07 <0.005 <0.005 <0.005 . <0.005 <0.005
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Table 8. Chemical Analysis of Steel Substrate Coils
ICoil ISample Code I C I Mn I p I S I Si I Ni I AI I
#1 1,4 . 0.032 0.29 0.009 0.011 <0.01 0.022 0.039
#2 5,6,9,10,11, 0.049 0.29 0.010 0.019 <0.01 0.01 0 0.05112,13,14,15 ,
~-
Cu N Cr Ti Mo Sn V
#1 1,4 0.083 0.0065 0.024 <0.002 <0.02 0.003 <.003
#2 5,6,9,10,11, 0.016 0.0053 0.018 <0.002 <0.02 0.005 <.00312,13,14,15
,
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Table 9. Zinc Coating Weights
Coating
Code Weight(g/m 2 zinc
per side)
#1 117
#4 115
#5 115
#6 113
#9 118
#10 109
#11 108
#12 111
"-
#13 119
#14 105
#15 123
42
Table 10. Chemical Analysis of the Zinc Pot and Coating
Code Lead Aluminum Iron
Pot ., Coating Pot Pot Coating Pot Coating(total) (soluble) (average)
#1 0.002 0.002 0.14 0.14* 0.21 0.03 0.70
#4 0.010 0.012 0.14 0.14* 0.23 0.04 0.67
#5 0.024 0.018 0.14 0.14* 0.20 0.03 0.81
#6 0.026 0.024 0.14 0.14* 0.19 0.04 1.06
#9 0.030 0.029 0.13 0.13* 0.18 0.04 0.88
#10 0.038 0.035 0.13 0.13* 0.19 0.03 0.69
#11 0.044 0.041 0.14 0.14* 0.20 0.05 0.66
#12 0.049 0.045 0.14 0.14* 0.20 0.04 0.87
#13 0.060 0.052 0.12 0.12* 0.23 0.04 2.31
#14 0.082 0.074 0.15 0.14 0.21 0.04 1.l-7
#15 0.109 0.088 0.11 0.11 * 0.22 0.04 2.24
*soluble aluminum equals total aluminum
43
Table 11. Results of Spangle Size Measurements
Code Coating Lead Spangles per Spangle DiameterSquare Millimeter (mm)
#1 0.002 3.92 0.57
#4 0.012 3.01 0.65 -,
#5 0.018 4.53 0.53
#6 0.024 2.26 0.75
#9 0.029 0.75 1.30
#10 0.035 0.27 2.19
#11 0.041 0.23 2.34
#12 0.045 0.26 2.20
....... ~~
#13 0.052 0.24 2.31
#14 0.074 0..22 , ~.39.
"#15 - 0.088 0.20 2.51
\
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TABLE 12. RESULTS OF X-RAY DIFFRACTION ZIPF ANALYSIS
FOR THE ELEVEN COILS
COATING
LEAD ID SIDE (002) (103) (102) (101) (100) (110)
0.002 1-1 TOP 4.20 0.72 0.24 0.32 0.25 0.28
0.002 1-4 TOP 2.12 1.64 ~.09 0.49 0.48 0.19
0.002 1-2 TOP 3.58 0.61 0.34 0.82 0.31 0.34
0.002 1-3 TOP 3.86 0.77 0.44 0.47 0.16 0.29
0.002 1-1 BOT 4.10 0.81 0.64 0.21 0.13 0.11
0.002 1-4 BOT 2.60 1.44 1.03 0.30 0.15 0.48
0.002 1-2 BOT 3.96 0.58 0.46 0.26 0.23 0.52
0.002 1-3 BOT 2.85 1.37 1.13 0.30 0.01 0.33
0.002
/ 0.012 4-2 TOP 3.82 1.14 0.78 0.14 0.03 0.10
0.012 4-1 TOP 4.12 0.35 0.28 0.31 0.21 0.73
0.012 4-3 TOP 2.84 1.22 0.56 0.54 0.68 0.15
0.012 4-4 TOP 4.04 0.31 0.74 0.35 0.21 0.34
0.012 4-2 BOT 2.77 0.70 1.10 0.78 0.25 0.40
0.012 4-1 BOT 3.62 0.50 0.45 0.42 0.63 0.36
0.012 4-4 BOT 3.65 0.42 0.72 0.79 0.17 0.25
0.012 4-3 BOT 2.84 1.04 0.86 0.18 0.46 0.62
0.012
0.018 5-1 TOP 0.72 1.60 1. 75 0.93 0.69 0.31
0.018 5-4 TOP 2.94 0.93 0.95 0.58 0.23 0.36·
0.018 5-2 TOP 2.68 1.24 0.51 0.66 0.23 0.68
0.018 5-3 TOP 2.84 0.83 0.49 0.53 0.27 1.05
0.018 5-1 BOT 1.81 1.09 0.90 1.39 0.42 0.39
0.018 5-3 BOT 2.10 1.33 0.78 0.55 0.48 0.76
0.018 5-4 BOT 2.49 0.91 0.94 0.81 0.39 0.46
0.018 5-2 BOT 3.20 0.96 0.86 0.34 0.22 0.42
0.018
0.024 6-1 TOP 3.03 0.52 0.53 0.60 0.27 1.05
0.024 6-2 TOP 0.99 1.46 1.55 0.86 " 0.01 1.• 13
0.024 6-3 TOP 2.16 1.65 0.88 1.01 0.2'4 0.06
0.024 6-4 TOP 1.43 0.34 1.48 0.85 0.15 1.74
0.024 6-1 BOT 3.25 0.37 0.37 1.00 0.68 0.33
0.024 6-2 BOT 1.64 L82 1.35 0.82 0.19 0.17
0.024 6-2 BOT 2.47 1.19 0.91 0.97 0.23 0.22
0.024 6-3 BOT 1.98 0.77 2.04 0.47 0.45 0.28
0.024
0.029 9-1 TOP 3.21 1.15 0.27 0.64 0.49 0.23
0.029 9-4 TOP 1.62 0.76 1.54 0.16 0.56 1.36
0.029 9-3 TOP 0.53 0.81 1.26 1.05 0.70 1.64
0.029 9-2 TOP 2.19 1.64 0.46 1.02 0.05 0.64
~ 0.029 9-1 BOT 0.44 2.27 0.44 0.37 1. 46 1.03
0.029 9-2 BOT 0.09 2.52 1.28 1.86 0.21 0.05
0.029 9-3 BOT 2.32 1.32 0.39 0.45 1. 32 0.20
0.029 9-4 BOT 3.23 1.33 0.55 0.44 0.34 0.12
0.029
0.035 10-1 TOP 5.04 0.16 0.28 0.19 0.32 0.02
0.035 10-2 TOP 4.28 0.27 0.12 0.12 0.01 1.19
0.035 10-4 TOP 3.36 1.28 0.37 0.11 0.00 O.BB
0.035 10-3 TOP 3.42 0.02 2.14 0.31 0.11 0.00
0.035 10-2 BOT 3.58 0.36 0.36 0.70 1.00 0.00
0.035 10-1 BOT 3.60 1.17 0.30 0.16 0.72 0.05
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TABLE 12. RESULTS OF X-RAY DIFFRACTION ZIPF ANALYSIS
FOR THE ELEVEN COILS
COATING
LEAD ID SIDE (002) (103) (102) (101) (100) (110)
0.035 10-4 BOT 4.07 0.44 1.07 0.24..- 0.16 0.02
0.035 10-3 BOT 0.3B 1.40 0.60 0.50 0.10 3.03
0.035
0.041 11-1 TOP 5.1B 0.23 . 0.33 0.27 0.00 0.00
0.041 11-4 TOP 5.B4 0.11 0.04 0.01 0.00 0.00
0.041 11-3 TOP 4.48 0.05 O.BB 0.54 0.02 0.02
0.041 11-2 TOP 4.07 0.29 0.27 1.34 0.03 0.00
0.041 11-1 BOT 3.51 0.90 0.96 0.59 0.04 0.01
0.041 11-4 BOT 2.65 1.24 0.78 0.89 0.36 0.09
0.041 11-2 BOT 5.05 0.22 0.24 0.22 0.01 0.25
0.041 11-3 BOT 3.9B 0.75 0.35 0.84 0.04 0.02
0.041 .
0.045 12-1 TOP 3.46 1. 25 0.50 0.17 0.05 0.57
0.045 12-3 TOP 3.01 1.19 0.64 0.32 0.72 0.13
0.045 12-2 TOP 5.09 0.40 0.40 0.05 0.05 0.00
0.045 12-4 TOP 1.B6 1. 32 0.49 0.23 0.20 1.89
0.045 12-1 BOT 3.82 1.14 0.7B 0.14 0.03 0.10
0.045 12-2 BOT 4.15 0.94 0.01 0.83 0.06 0.01
0.045 12-3 BOT 4.15 0.56 1.06 0.09 0.00 0.14
0.045 12-4 BOT 3.BB 0.13 0.72 0.46 0.3B 0.42
0.045
0.052 13-1 TOP 0.97 1.14 0.32 0.02 0.00 3.55
0.052 13-2 TOP 0.B7 2.23 1.29 0.B2 0.11 0.67
0.052 13-3 TOP 0.02 0.63 2.68 2.02 0.64 0.01
0.052 13-4 TOP 0.79 0.05 LBO 2.25 0.11 1.00
0.052 13-1 BOT 5.59 0.00 0.22 0.10 0.07 0.02
0.052 13-2 BOT 5.00 0.33 0.41 0.10 O.OB 0.08
0.052 13-3 BOT 0.43 3.57 1. 40 0.36 0.16 0.08
0.052 13-4 BOT 4.44 0.56 0.38 0.49 " 0.12 0.00
. 0.052
0.074 14-1 TOP 3.51 1.34 0.77 0.16 0.19 0.03
0.074 14-3 TOP 1.24 3.50 0.95 0.26 0.01 0.05
0.074 14-2 TOP 0.32 2.63 0.55 2.31 0.12 0.06
0.074 14-4 TOP 2.21 1.71 1.23 0.13 0.12 0.59
0.074 14-1 BOT 1.52 0.94 1.61 0.60 1.22 0.10
0.074 14-4 BOT 0.44 1.37 0.71 0.70 0.00 2.78
0.074 14-3 BOT 0.03 2.03 _ 3.67 0.23 0.00 0.04
0.074 14-2 BOT 4.01 0.77 1.15 0.06 0.00 0.02
0.074
O.OBB 15-1 TOP 4.03 0.99 0.51 0.46 0.00 0.00
O.OBB 15-2 TOP 0.20 2.29 2.92 0.42 0.11 0.07
O.OBB 15-3 TOP 4.74 0.50 0.22 0.53 0.00 0.01
O.OBB 15-4 TOP O.BB 0.60 3.17 0.34 0.00 1.00
O.OBB 15-1 BOT 0.19 1.90 3.09 0.52 0.31 0.00
O.OBB 15-3 BOT 1.93 1.90 1. B3 0.25 0.01 '. 0.09
O.OBB 15-4 BOT 0.94 1. 63 2.76 0.59 O.OB 0.01
O.OBB 15-2 BOT 0.79 0.97 1. 73 1. 29 0.14 1. 08
O.OBB
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Table 13. Average Normalized Intensity Ratios for the-Eleven Coils
Code Coating Zinc PlanesLead
(002) (103) (102) (101 ) .--- (100) (110)
#1 0.002 3.41 0.99 0.67 0.40 0.22 0.32
#4 0.012 3.46 0.71 0.69 0.44 0.33 0.37
#5 0.018 2.35 1.11 0.90 0.72 0.37 0.55
#6 0.024 2.12 1.02 1.14 0.82 0.28 0.62
#9 0.029 1.70 1.48 0.77 0.75 0.64 0.66
#10 0.035 3.47 0.64 0.66 0.29 0.30 0.65
#11 0.041 4.35 0.47 0.48 0.59 0.06 0.05
#12 0.045 3.68 0.87 0.58 0.29 0.19 0.41
#13 0.052 2.26 1.06 1.06 0.77 0.16 0.68
#14 0.074 1.66 1.79 1.33 0.56 0.21 0.46
#15 0.088 1.71 1.35 2.03 0.55 0.08 0.28
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Figure 1. The effect of lead on the surface tension of liquid zinc [8],
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Figure 12. Effect of soluble bath aluminum on coating aluminum [20].
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s\Rgle system of ridges. Mignilication 350 limes. TIll angle." dea.
Figure 15. Mirror-like, dimpled, feathery, and ridged spangle morphologies [28].
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Figure 17. Schematic of 6" Continuous Hot Dip Galvanizing Pilot Line at Bethlehem
Steel's Homer Research Laboratories.
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Many Small Cryst2lls-
Continuous Cones
Few Llnge Crystals·
Discontinuous Cones
An XRO sC2In mayor may not intersect
Intllnslty 0106 discontinuous cone from
a statlon8ry sample -
however. spinning the sample rot2lte's
the cone and assures that all of the
Intensity Is slImDled.
Figure 18. Formation of continuous and discontnuous cones of diffracted intensity [25]
cmd the effects of sample spinning.
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Figure 19. Schematic of sample spinning XRD stage.
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Bath Lead Content versus Coating Iron Content
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Figure 22. Plot of coating iron versus bath lead.
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Figure 23. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 1, top and bottom sides.
70
~·B '
"F 9
•
Figure 24. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 4, top and bottom sides.
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Figure 25. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 5, top and bottom sides.
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Figure 26. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 6, top and bottom sides.
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Figure 27. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 9, top and bottom sides.
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Figure 28. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 10, top and bottom sides. t '
75
!Figure 29. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 11. top and bottom sides.
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Figure 30. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 12, top and bottom sides.
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oFigure 31. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 13, top and bottom sides.
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Figure 32. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 14, top and bottom sides.
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Figure 33. LOM cross-sectional photomicrographs (500X, Amyl Nitric) of the Fe-Zn alloy
layers of Sample 15, top and bottom sides.
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Figure 34. EPMA line scans of the zinc coating of Sample 15.
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Figure 35. EPMA backscattered electron image and lead map of a typical lead particle in
the coating of Sample 15.
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Figure 36. EPMA iron (top) and lead (bottom) area maps of Sample 15 coating.
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Figure 36. EPMA iron (top) and lead (bottom) area maps of Sample 15 coating.
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(
Figure 37. EPMA aluminum area map and backscattered electron image of Sample 15
coating.
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Figure 37. EPMA aluminum area map and backscattered electron image of Sample 15
coating.
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mirror-like
feather
Figures 38. LOM photomicrographs (50X) of representative spangle morphologies.
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feather
Figures 38. LOM photomicrographs (50X) of representative spangle morphologies.
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dimpled
ridged
Figures 39. LOM photomicrographs (50X) of representative spangle morphologies.
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Figures 39. LOM photomicrographs (50X) of representative spangle morphologies.
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Figure 40. Plot of spangle size versus coating lead content
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Spangle Size versus Bath Lead Content
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Figure 41. Spangle size versus lead content according to Kim et. al. [3], Fasoyinu et. al.
[4], and this investigation.
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backscattered electron image
lead map
Figure 42. Planar EPMA photomicrographs and element map (540X) of sample 1.
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backscattered electron image
lead map
Figure 42. Planar EPMA photomicrographs and element map (540X) of sample 1.
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backscattered electron image
lead map
Figure 43. Planar EPMA photomicrographs and element map (540X) of sample 9.
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backscattered electron image
lead map
Figure 43. Planar EPMA photomicrographs and element map (54QX) of sample 9.
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Figure 44. Planar EPMA photomicrographs and element map (540X) of sample 15.
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Figure 44. Planar EPMA photomicrographs and element map (540X) of sample 15.
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Figure 45. Plot of coating iron versus spangle size.
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Figure 47. Plot of mean (103) zinc planes times random versus coating lead content
(error = 1esd).
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Figure 48. Plot of mean (102) zinc planes times random versus coating lead content
(error = 1esd).
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Figure 49. Plot of mean (101) zinc planes times random versus coating lead content
(error = 1esd).
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Figure 50. Plot of mean (100) zinc planes times random versus coating lead content
(error = 1esd).
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(error = 1esd).
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Figure 52. Average ZIPF results for random powder and 0.002 Pb coating.
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Figure 53. Average ZIPF results for 0.012 Pb and 0.018 Pb coating.
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Figure 54. Average ZIPF results for 0.024 Pb and 0.029 Pb coating.
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Figure 55. Average ZIPF results for 0.035 Pb and 0.041 Pb coating.
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Figure 56. Average ZIPF results for 0.045 Pb and 0.052 Pb coating.
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Figure 57. Average ZIPF results for 0.074 Pb and 0.088 Pb coating.
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Figure 59. Plot of basal planes versus coating iron content.
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